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Abstract
While weed management is consistently a top priority among farmers, there is also growing concern for the conservation
of biodiversity. Maintaining diverse weed communities below bioeconomic thresholds may provide ecosystem services for
the crop and the surrounding ecosystem. This study was conducted to determine if weed diversity, density and biomass
differ within and among organic and conventional crop rotations. In 2007 and 2008, we sampled weed communities in four
long-term crop rotations near Mead, Nebraska using seedbank analyses (elutriation and greenhouse emergence) and
above-ground biomass sampling. Two conventional crop rotations consisted of a corn (Zea mays) or sorghum (Sorghum
bicolor)–soybean (Glycine max)–sorghum or corn–soybean sequence and a diversified corn or sorghum–sorghum or corn–
soybean–wheat (Triticum aestivum) sequence. Two organic rotations consisted of an animal manure-based soybean–corn or
sorghum–soybean–wheat sequence and a green manure-based alfalfa (Medicago sativa)–alfalfa–corn or sorghum–wheat
sequence. Species diversity of the weed seedbank and the above-ground weed community, as determined by the Shannon
diversity index, were greatest in the organic green manure rotation. Averaged across all sampling methods and years, the
weed diversity index of the organic green manure rotation was 1.07, followed by the organic animal manure (0.78),
diversified conventional (0.76) and conventional (0.66) rotations. The broadleaf weed seedbank density in the tillage layer
of the organic animal manure rotation was 1.4r, 3.1r and 5.1r greater than the organic green manure, diversified conventional and conventional rotations, respectively. The grass weed seedbank density in the tillage layer of the organic
green manure rotation was 2.0r, 6.1r and 6.4r greater than the organic animal manure, diversified conventional and
conventional rotations, respectively. The above-ground weed biomass was generally greatest in the organic rotations. The
broadleaf weed biomass in sorghum and wheat did not differ between organic and conventional rotations (CRs), but grass
weed biomass was greater in organic compared to CRs for all crops. The above-ground weed biomass did not differ within
CRs, and within organic rotations the grass weed biomass was generally greatest in the organic green manure rotation. The
weed seedbank and above-ground weed communities that have accumulated in these rotations throughout the experiment
suggest a need for greater management in long-term organic rotations that primarily include annual crops. However, results
suggest that including a perennial forage crop in organic rotations may reduce broadleaf weed seedbank populations and
increase weed diversity.
Key words: weed seedbank, biodiversity, long-term crop rotations, organic farming, animal manure, perennial forage

Introduction
Weeds directly compete with crop yield in agricultural systems; thus, weed management is consistently a top priority
among farmers. Despite centuries of eradication efforts,
weed communities remain viable across the agricultural

landscape. Therefore, if weed communities cannot be
completely eliminated from the agroecosystem, it may be
useful to address the potential utility of those weed communities. Biodiversity has been shown to provide many
ecosystem services; thus, increasing the biodiversity of the
weed community may provide significant benefits to the
# Cambridge University Press 2010
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crop and surrounding ecosystems. These benefits might
include: improvement of soil chemical, physical and
biological characteristics1, improvement of habitat for beneficial insects and natural enemies of weeds2 and reduced soil
erosion and chemical runoff3. Moreover, a diverse weed
community may prevent the rapid accumulation of a single
weedy species, due to interspecific competitive interactions.
Modern agricultural practices have led to a decline in the
diversity of weeds in agroecosystems due to widespread
use of herbicides and simplicity of crop rotations4,5.
Herbicide use reduces weed species diversity6–9, whereas
crop species diversity promotes weed species diversity10.
This suggests that complex crop rotations may lead to an
increase in weed diversity5. Organic agricultural certification prohibits the use of synthetic herbicides and requires
the use of soil-building crop rotations11. As a result, many
now view organic agriculture as a means of protecting
biodiversity within agroecosystems.
Biodiversity can be measured using two components:
species richness and species evenness. Species richness is
the total number of species in a given ecosystem and
species evenness is the relative proportion of each species
in the ecosystem12. A diverse community maintains high
species richness and high species evenness. There are
several methods for measuring weed density and diversity.
The above-ground weed population sampling is a common
method for quantifying current weed communities, and
recent studies have demonstrated an increase in the diversity of the weed community in organic systems using this
method13–17. Seedbank sampling is another method used
to quantify weed communities, but is different as it characterizes the past, present and future of the weed community
for a given agricultural field. Seedbanks act as the
‘memory’ of a weed community, because many weed
seeds persist in the soil for more than one year, and may not
represent the total or potential above-ground community in
a particular year18,19. The longevity of many weed species
in the seedbank contributes to the ‘buffering effect’ of the
seedbank community20. Despite the above-ground management practices, the seedbank acts as a reservoir of
biodiversity for arable weed species due to this buffering
effect21. Overall, the weed seedbank is a better indicator
of weed pressure than the above-ground measurements of
population22. The weed stand will vary by year depending
on the weather, whereas the weed seedbank is relatively
less sensitive to year-to-year differences in weed population, and can reflect the interaction of weeds and management strategies over time. The increase of weed
diversity in organic systems has also been demonstrated
using the weed seedbank sampling methodology9.
The diversity of the weed seedbank may not
always correlate to the diversity of the above-ground weed
community. In a previous study, the total weed biomass and
the above-ground diversity were greater in an organic
system compared to conventional, but weed seedbank
species diversity was lower in the organic system17. The
persistence of a few dominant weed species in the seedbank
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may artificially drive weed species evenness lower, leading
to an overall decrease in the weed seedbank species
diversity23,24. However, weed management practices often
prevent the domination of one weed species in the aboveground weed community, resulting in increased weed
species evenness in the standing community25. If dominant
weed species are not managed, organic agriculture may not
be a viable solution for the maintenance of biodiversity in
agroecosystems. If dominant weed species are managed,
one could expect the weed seedbank and the above-ground
diversity to be greatest in organic systems, due to the
complexity of crop rotations5 and least in conventional
systems, due to the intensive use of herbicides6–9. While the
relationship between organic cropping systems and weed
diversity has been well established in the above-ground
weed community, fewer studies have examined this relationship in the weed seedbank community of long-term
crop rotations.
Crop rotation, weed density management and nutrient
inputs may also have an effect on the weed seedbank diversity and relative quantity of grass and broadleaf species
within a system. Grass and broadleaf weed populations are
often related to the growth habit, phenology and morphology of the different crops in rotation9,26,27. A rotation that
includes perennial forage such as alfalfa favors grass weed
species and winter annuals that can withstand multiple
cuttings, and in turn reduces the population of summer
annual broadleaf weeds28–31. The source of nutrient
enrichment in a rotation may also influence the composition
of the weed community. Menalled et al.32 observed a 64%
increase in waterhemp (Amaranthus rudis, a broadleaf
weed species) biomass, due to the application of composted
swine manure compared to the no-compost control. Therefore, the complexity of the rotation, the individual crops in
rotation and the form of nutrient enrichment (e.g., animal
manure, green manure and synthetic fertilizer) all may
influence the weed community. Understanding the factors
that influence weed communities in long-term crop
rotations will be especially useful to organic farmers, who
consistently rank weed management as the most important
research priority33,34.
The objective of this study was to evaluate weed seedbank density, weed species richness, evenness and diversity, along with the above-ground grass and broadleaf weed
abundance and broadleaf weed diversity, within and among
organic and conventional crop rotations. We hypothesized
that (1) weed species richness, evenness, diversity, density
and above-ground biomass will each be greatest in the
organic crop rotations and (2) within organic and conventional crop rotations, the species richness, evenness and
diversity will increase and weed density and above-ground
biomass will decrease as the diversity of the rotation and
management system increases. The results of this study will
generate insights useful for designing appropriate crop
rotations and weed management strategies that aim to
minimize weed density and above-ground biomass while
increasing biodiversity.
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Table 1. Rotational sequences for each management treatment in the Long-Term Crop Rotation experiment at the University of Nebraska
Agricultural Research and Development Center near Mead, Nebraska. The experiment was initiated in 1975 and the crop rotation
sequences indicated were initiated in 1996: conventional rotation (CR), diversified conventional rotation (DIR), organic animal manure
rotation (OAM) and organic green manure rotation (OGM). The 2007 season concluded the third cycle of the current rotation sequences.
Treatment

Sequence

1st year

2nd year

3rd year

4th year

CR

1
2
1
2
1
2
1
2

Corn
Sorghum
Corn
Sorghum
Soybean
Soybean
Alfalfa
Alfalfa

Soybean
Soybean
Sorghum
Corn
Corn
Sorghum
Alfalfa
Alfalfa

Sorghum
Corn
Soybean
Soybean
Soybean
Soybean
Corn
Sorghum

Soybean
Soybean
Wheat
Wheat
Wheat
Wheat
Wheat
Wheat

DIR
OAM
OGM

Materials and Methods
Cropping systems
A long-term crop rotation experiment was conducted at the
University of Nebraska Agricultural Research and Development Center near Mead, Nebraska, USA. It was initiated
in 1975 and redesigned in 1996 to evaluate the productivity
of organic and conventional rotations (CRs) that differed in
crop rotational diversity, weed management and nutrient
inputs. The dominant soil type at the site is a Sharpsburg
silty clay loam (fine, smectitic, mesic typic Argiudoll) with
0–5% slopes35. The total area of the experiment is 4 ha and
fields have been managed without irrigation since initiation.
The experiment was designed as a split-plot randomized
complete block with four replicate blocks and 13 experimental units (whole plots) per block. Whole plot treatments
in this study consisted of management treatments within
crop rotations, which are appropriate for long-term cropping systems research36. Treatments within a block included
four management treatments: CR, diversified conventional
rotation (DIR), organic animal manure rotation (OAM) and
organic green manure rotation (OGM). These four management treatments were established in 1996. While the
organic treatments were not certified, they have been managed according to Organic Crop Improvement Association
(OCIA, Lincoln, Nebraska, USA) certification guidelines
since 1996. From 1975 to 1995, previous treatments at this
site included continuous corn with synthetic fertilizer and
herbicides (HFI CC), a 4-year rotation with synthetic fertilizer and herbicide inputs (HF), a 4-year rotation with
manure only (ORG) and a 4-year rotation with only synthetic fertilizer inputs (FO). In 1996, the HFI CC treatment
was converted to CR, the HF converted to DIR, the ORG
was renamed the OAM treatment (but did not change in
practice) and the FO was converted to OGM. A panel of
local farmers was consulted in the design and management
of crop rotations at the onset of the experiment, and prior to
the changes in 1996. Thus, the rotations in this experiment
include crops and management practices typical to eastern
Nebraska.

The current DIR, OAM and OGM treatments were each
replicated four times within each block so that each entry
point of the 4-year crop sequence was present each year
within each block. The CR treatment is present in only one
experimental unit per block; therefore, each entry point of
its 4-year crop cycle is not represented in each block. Each
whole-plot experimental unit in the study was 0.047 ha
(12.2 mr38.4 m). Split-plots were created in 1996 resulting
in two crop rotation sequences within each whole-plot management treatment. The split-plot sequences were added to
include sorghum in the corn phase of each rotation.
Detailed crop sequences for the four management treatments are summarized in Table 1. The CR treatment was
maintained in a corn–soybean–sorghum–soybean (sequence
1) or sorghum–soybean–corn–soybean (sequence 2) rotation with synthetic fertilizer, herbicides and mechanical
tillage. The DIR treatment was in a corn–sorghum–
soybean–winter wheat rotation (sequence 1) or a sorghum–
corn–soybean–winter wheat rotation (sequence 2), and
was also managed with synthetic fertilizer, herbicides
and mechanical tillage. The OAM treatment included
soybean–corn–soybean–winter wheat (sequence 1) or
soybean–sorghum–soybean–winter wheat (sequence 2),
and was typically managed with frequent mechanical
tillage for weed control and bovine manure applications
before the corn/sorghum or winter wheat phase of the
rotation. Lastly, the OGM treatment included an alfalfa–
alfalfa–corn–winter wheat rotation (sequence 1) or an
alfalfa–alfalfa–sorghum–winter wheat rotation (sequence
2). Management of the OGM treatment included frequent
mechanical tillage for weed control and limited bovine
manure applications to alleviate potential phosphorus
deficiency. Based on a 13-year average analysis of the
bovine feedlot manure source utilized in the organic
treatments, the total nitrogen content was 1.42% and the
total phosphorus content was 0.72% (dry matter basis).
For analysis of the weed community, the two sequences
within a management treatment were always pooled,
because weed communities were similar between the corn
and sorghum split-plots. The differences between split-plot
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Table 2. Typical field operations and rates for corn in four long-term cropping systems at the UNL ARDC near Mead, Nebraska in 2007
and 2008. Numbers in parentheses indicate the years in which the particular application occurred. CR, conventional; DIR, diversified
conventional; OAM, organic animal manure based; OGM, organic green manure based.
Cropping system
Field operation
1

Spring disking
Apply N fertilizer
Ammonium nitrate 34-0-0
Urea 46-0-0
Apply bovine manure
Field cultivation2
Apply PRE herbicide3
Metolachlor
Atrazine 4L
Acetochlor
Planting4
Inter-row cultivation5
Rotary hoeing6
Hand weeding7
Harvest

CR

DIR

OAM

OGM

x

x

x

x

112 kg ha -1 (07)
116 kg ha -1 (08)

112 kg ha -1 (07)
116 kg ha -1 (08)
45 tons ha -1 (07–08)
x

x

57,300 seeds ha -1
x
x
x
x

57,300 seeds ha -1
x
x
x
x

x

x

2.3 litres ha -1 (08)
3.5 litres ha -1 (08)
8.2 litres ha -1 (07)
57,300 seeds ha -1
x

2.3 litres ha -1 (08)
3.5 litres ha -1 (08)
8.2 litres ha -1 (07)
57,300 seeds ha -1
x

x
x

x
x

1

Spring disking occurred twice on April 20, 2007 and twice on May 13, 2008 in all treatments.
Field cultivation occurred on May 14, 2007 in all treatments.
3
PRE herbicides were applied to the CR and DlR treatments on May 17, 2007 and May 21, 2008.
4
In 2007, corn was planted on May 14 in the CR and OAM treatments and on May 17 in the DIR and OGM treatments. In 2008, corn was
planted on May 15 in all treatments.
5
In 2007, inter-row cultivation occurred on June 7 and 21 in the OAM and OGM treatments and June 21 in the CR and DIR treatments.
In 2008, inter-row cultivation occurred on June 19 in all treatments.
6
In 2007, the OAM and OGM treatments were rotary hoed twice on May 17 and once more on May 21. In 2008, the OAM and OGM
treatments were rotary hoed twice on June 3.
7
In 2008, the OAM treatments were hand weeded on August 1, and all treatments were hand weeded on August 13 or 20.
2

sequences were considered for yield and economic analysis
(data not shown).
For the OGM treatment, alfalfa was planted in rows
spaced 0.25 m apart and typically occurred between early
August and late September. Alfalfa was then cut and baled
three times per season and destroyed with a moldboard
plow at the end of the second year. For the DIR, OGM and
OAM treatments, wheat also was planted in rows spaced
0.25 m apart. Wheat was typically planted between midOctober to mid-November. Soybeans in the DIR treatment
were planted in rows spaced 0.25 m apart, but for all other
treatments soybeans were planted in rows spaced 0.76 m
apart to allow mechanical inter-row cultivation. The timing
of soybean planting was typically mid-May to late-May for
all treatments. Corn and sorghum were planted in rows
spaced 0.76 m apart for all treatments. Corn was typically
planted between late-April to mid-May, while sorghum was
planted between mid-May to late-May. The timing of field
operations for corn, sorghum, soybean and wheat within
each treatment are summarized in Tables 2–5, respectively.

Weed community sampling
The above-ground weed sampling was coupled with weed
seedbank analysis to quantify the differences among

treatments in grass and broadleaf weed pressure and weed
species diversity. Two methods were used to measure the
weed seedbank: elutriation of soil seedbank samples and
weed emergence from soil samples placed in greenhouse
conditions. Weed seedbanks were sampled in late fall (postharvest) following the 2007- and 2008-cropping seasons.
Twelve 3.18-cm diameter cores were taken from each splitplot to a depth of 20 cm in 2007 (JMC Large Diameter
Sampling Tube, JMC Soil Samplers, Newton, Iowa, USA).
In 2008, cores were taken to a depth of 10 cm. Soil cores
were taken from each split-plot in an ‘X-pattern’37. In 2007,
each core was split into two sections (0–10 cm and
10–20 cm depths) and the samples were pooled by splitplot and depth. The 0–10 cm depth represented the tillage
layer (the maximum depth of tillage operations in the
CR, DIR and OAM treatments) and the 10–20 cm depth
represented the plow layer (the additional depth of tillage
operations in the OGM treatment).
The samples were homogenized, dried, and a sub-sample
weighing 200 g was elutriated and the remaining seeds were
sorted and counted. To select a sub-sample, soil was passed
through a sieve with 12.5 mm openings. Soil aggregates too
large to pass through the screen were gently broken with a
mortar and pestle. Soil was then poured through a funnel
over a pie-chart grid. Soil particles and seeds fell randomly
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Table 3. Typical field operations and rates for sorghum in four long-term cropping systems at the UNL ARDC near Mead, Nebraska in
2007 and 2008. Numbers in parentheses indicate years in which the particular application occurred. CR, conventional; DIR, diversified
conventional; OAM, organic animal manure based; OGM, organic green manure based.
Cropping system
Field operation
1

Spring disking
Apply N fertilizer
Ammonium nitrate 34-0-0
Urea 46-0-0
Apply bovine manure
Field cultivation2
Apply PRE herbicide3
Atrazine 4L
Metolachlor
Planting4
Apply POST herbicide5
Bentazon
Atrazine 4L
Inter-row cultivation6
Rotary hoeing7
Hand weeding8
Harvest

CR

DIR

OAM

OGM

x

x

x

x

108 kg ha -1 (07)
116 kg ha -1 (08)

108 kg ha -1 (07)
116 kg ha -1 (08)
x

x

x

45 tons ha -1 (07–08)
x

2.9 litres ha -1 (07–08)
2.3 litres ha -1 (07–08)
321,000 seeds ha -1

2.9 litres ha -1 (07–08)
2.3 litres ha -1 (07–08)
321,000 seeds ha -1

321,000 seeds ha -1

321,000 seeds ha -1

2.3 litres ha -1 (08)
2.3 litres ha -1 (08)
x

2.3 litres ha -1 (08)
2.3 litres ha -1 (08)
x

x
x

x
x

x
x
x
x

x
x
x
x

1

Spring disking occurred twice on April 20, 2007 and twice on May 13, 2008 in all treatments.
Field cultivation occurred on May 21, 2007 in all treatments.
3
PRE herbicides were applied to the CR and DlR treatments on May 23, 2007 and May 21, 2008.
4
Sorghum was planted on May 22, 2007 and May 20, 2008 in all treatments.
5
POST herbicides were applied to the CR and DIR treatments on July 3, 2008.
6
Inter-row cultivation occurred on June 20, 2007 and July 1, 2008 in all treatments.
7
In 2007, the OAM and OGM treatments were rotary hoed on June 7 and 11. In 2008, the OAM and OGM treatments were rotary hoed
on June 3 and 10.
8
In 2007, the OAM and OGM treatments were hand weeded on July 24. In 2008, the OGM treatment was hand weeded on July 23, the
OAM treatment was hand weeded on August 1, and all treatments were hand weeded on August 13 or 20.
2

onto the grid and a wedge-shaped area of the pie chart was
selected; the width of the wedge increased until 200 g of
soil were obtained. Seeds were separated from soil by water
using an elutriator based on designs outlined by Wiles
et al.38. One sub-sample was placed in a 100 mesh strainer
screen measuring 6.0 cm in diameter, 17.5 cm in length,
capped (Tube Cap No. 372, Niagara Plastics, Erie,
Pennsylvania, USA) then washed in the elutriator for 2 h.
The material remaining in the strainer screen was drained
on a coffee filter, allowed to dry on a greenhouse bench
then stored in a coin envelope. Envelope contents were later
poured onto a plate marked with a grid upon which weed
seeds were selected, identified and counted. Seeds of the
Amaranthus genus were pooled with Chenopodium album
seeds, due to the difficulty of identifying similar smallseeded weed species.
In 2008, an additional 800 g sub-sample of soil was
spread in a 25.4r25.4 cm greenhouse flat to evaluate weed
seedbank community diversity using the greenhouse emergence method30. The greenhouse temperature was maintained between 18 and 30 C and the samples were exposed
to natural daylight hours from January–March. The samples
were evenly spread over a 3 cm layer of sterile greenhouse

potting soil and watered once every 48 h with a heavy mist.
Seedlings were identified, counted and removed from the
flats as they emerged. After 6 weeks of emergence, the
samples were dried and exposed to an average outdoor
temperature of - 2 C for 1 week to break the seed
dormancy of weed species. The samples were then placed
back in the greenhouse and monitored for an additional
5 weeks before termination. The greenhouse emergence
method measures the viable non-dormant weed seedbank,
while the elutriation method measures the total weed
seedbank.
The above-ground weed biomass (2007 and 2008) and
broadleaf weed species diversity (2008) were sampled at
physiological maturity of the crop in each treatment (early
July in the wheat phase and mid-September in the corn,
sorghum and soybean phases). These samples were not
taken in the alfalfa phases of the OGM treatment. The
above-ground weed biomass and weed species diversity
were obtained by clipping all weeds at the soil surface in
three randomly selected 1.16 m2 quadrats (0.76 mr1.52 m)
per split-plot. Clipped plants were counted by weed species
(2008), divided into grass and broadleaf weed species, then
dried at 50 C to constant mass and weighed.
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Table 4. Typical field operations and rates for soybean in three long-term cropping systems at the UNL ARDC near Mead, Nebraska in
2007 and 2008. Numbers in parentheses indicate years in which the particular application occurred. CR, conventional; DIR, diversified
conventional; OAM, organic animal manure based.
Cropping system
Field operation
1

Spring disking
Field cultivation2
Apply PRE herbicide3
Metolachlor
Metribuzin + chlorimuron ethyl
Drill plant (0.25 m rows)4
Plant (0.76 m rows)4
Apply POST herbicide5
Glyphosate
Bentazon
Metolachlor
Clethodim
Inter-row cultivation6
Rotary hoeing7
Hand weeding8
Harvest

CR

DIR

OAM

x
x

x
x

x
x

2.3 litres ha -1 (07)

2.3 litres ha -1 (07–08)
0.51 litres ha -1 (08)
642,000 seeds ha -1

59 kg ha -1

59 kg ha -1
2.3 litres ha -1 (07–08)
-1

2.3 litres ha (07–08)
2.3 litres ha -1 (08)
0.59 litres ha -1 (07–08)
x
x
x
x

x

x
x
x
x

1

Spring disking occurred twice on April 20, 2007 and twice on May 13, 2008 in all treatments.
In 2007, field cultivation occurred on May 21 in all treatments and once more on May 29 in the CR and OAM treatments. In 2008,
field cultivation occurred twice on June 3 in the unplanted OAM plots and once in the CR treatment.
3
In 2007, PRE herbicides were applied to the DIR treatment on May 17 and to the CR treatment on May 31. In 2008, PRE herbicides
were applied to the DIR treatment on May 21.
4
In 2007, soybeans were planted on May 21 in the DIR treatment, May 21 or May 29 in the OAM treatment and on May 29 in the CR
treatment. In 2008, soybeans were planted on May 20 in the DIR treatment, May 20 (early) or June 4 (late) in the OAM treatment and on
June 4 in the CR treatment.
5
In 2007, POST herbicides were applied to the CR and DIR treatment on July 12 or 16. In 2008, POST herbicides were applied to the
CR treatment on June 17, July 30 and August 4 and to the DIR treatment on July 3.
6
In 2007, inter-row cultivation occurred on June 21 in the CR and OAM treatments and again on July 18 in the OAM treatment. In 2008,
early soybeans in the OAM treatment were cultivated on June 30 and July 11 and the late soybeans in the OAM treatment were cultivated
on July 2 and July 10. The CR treatment was cultivated on July 10 and 31.
7
In 2007, the OAM treatment was rotary hoed on June 6, 7 and 11. In 2008, early soybeans in the OAM treatment were rotary hoed
twice on June 3 and once on June 10. Late soybeans in the OAM treatment were rotary hoed once on June 10 and twice on June 23.
The CR treatment was rotary hoed twice on June 23.
8
In 2007, the OAM treatment was hand weeded on July 23. In 2008, late soybeans in the OAM treatment were hand weeded on
July 22 and 29. All soybeans in the OAM treatment were hand weeded on August 4 or 12. The CR treatment was hand weeded on
August 12.
2

Data analysis
The following equation was used to determine weed
seedbank density; D = (N * 1.16 * 10 * 10,000)/200, where
D is the weed seedbank density m -2 of a given soil depth,
N is the number of individuals in a given sample, 1.16 is the
average soil bulk density of the experimental site (g cm -3),
10 is the depth of the soil sample (cm), 10,000 = cm3 m -3
and 200 is the mass of each subsample (g).
Using the weed seedbank data and the above-ground
weed species density, we calculated the indices of weed
species diversity, evenness and richness for each split-plot.
Diversity (H0 ) was calculated using the Shannon diversity
index; H0 = -  Pi(Ln Pi), where Pi = Ni/Ntotal, where Ni
is the number of individuals of species i (plants m-2) and
Ntotal is the total number of individuals (plants m-2).
Evenness (J) was then calculated as J = H0 /Ln (S), where

S is the species richness calculated as the total number of
species per plot39.
Estimates of H0 , J and S for the weed seedbank, along
with weed seedbank density of grass and broadleaf weed
species were then compared among management treatments
using PROC MIXED (SAS Version 9.1, SAS Institute,
Cary, North Carolina, USA). Fixed effects in the model
included current crop, management treatment (e.g., OAM),
crop sequence, year, block and yearrmanagement treatment (to determine if the data could be pooled across
years). Crop sequence and the current crop were then
pooled by common management treatment (e.g., OAM
sequence 1 and OAM sequence 2 for all current crops
combined into OAM) for comparison among management
treatments using orthogonal contrasts. Current crop and
rotation sequences were pooled by management treatment
in the model for weed seedbank analyses, because many
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Table 5. Typical field operations and rates for wheat in three long-term cropping systems at the UNL ARDC near Mead, Nebraska in
2006–2007 and 2007–2008 seasons. DIR, diversified conventional; OAM, organic animal manure based; OGM, organic green manure
based.
Cropping system
Field operation
1

Pre-plant disking
Apply N fertilizer
Ammonium nitrate 34-0-0
Planting2
Harvest for grain
Apply herbicide to stubble3
Glyphosate
Disk stubble4
Field cultivate stubble5
Chisel plow stubble6
Mow stubble7

DIR

OAM

OGM

x

x

x

68 kg ha -1
l34 kg ha -1
x

l34 kg ha -1
x

l34 kg ha -1
x

x
x
x

x
x
x

2.3 litres ha -1
x

x

1

In 2006, pre-plant disking occurred on October 17 and 23 in all treatments. In 2007, pre-plant disking occurred on October 4 in the
OAM treatment and on November 1 in the OGM treatment.
2
In 2006, winter wheat was planted on October 23 in the OGM treatment and on October 25 in the DIR and OAM treatments. In 2007,
wheat was planted on October 4 in the DIR and OAM treatments and on November 1 in the OGM treatment.
3
Herbicide was applied to wheat stubble in the DIR treatment on July 12, 2007.
4
In 2006, wheat stubble was disked once on July 24 and twice more on August 31 in the OAM and OGM treatments. The DIR treatment
was disked once on August 31. In 2007, wheat stubble was disked on July 17 and August 1 in the OAM and OGM treatments and once
more on September 6 in the OAM treatment. The DIR wheat stubble was disked twice on September 6.
5
Wheat stubble was field cultivated once in the OAM treatment and twice in the OGM treatment on September 7, 2006 and August 15,
2007.
6
Wheat stubble was chisel plowed on July 24, 2006 in the OAM and OGM treatments.
7
Wheat stubble was mowed on August 29, 2006 in the DIR treatment.

weed seeds persist in the soil for more than a year18,19.
Thus, the long-term management and crop rotation were
more likely to explain the variability of the weed seedbank.
The tillage layer (2007 and 2008) and the plow layer (2007)
were both analyzed for differences in weed seedbank density among management treatments, but for weed seedbank
diversity only the tillage layer was analyzed, as seeds in this
layer were more likely to emerge.
PROC MIXED also was used to analyze the aboveground grass and broadleaf weed biomass within each crop
(excluding alfalfa) of the four management treatments. The
standing weed community is often influenced by current
crop and management system40; thus, the current crop and
management treatment were both included in the model
along with year, block and yearrmanagement treatment.
Rotation sequences were pooled by common management
treatment within crops (e.g., OAM sequence 1 pooled with
OAM sequence 2) for comparison among management
treatments using orthogonal contrasts. A significance level
of a = 0.05 was chosen to indicate the statistical difference
in all analyses.

Results and Discussion
Weed species diversity
The Shannon index for diversity (H0 ) of the weed seedbank
ranged from 0.37 to 1.12, depending on the management

treatment and year (Fig. 1a, d), when using the weed
seedbank elutriation method. Weed seedbank diversity was
generally greater in 2008 than 2007, and greatest in the
OGM treatment in both years. In 2007, the diversity did not
differ between the CR and OAM treatments or between the
DIR and OAM treatments, but the diversity was greater in
the DIR treatment compared to the CR treatment. In 2008,
the diversity in the OGM treatment was greater than the
diversity in the OAM and DIR treatments, but not the
CR treatment (P = 0.064). The diversity did not differ between the CR, DIR or OAM treatments. When the organic
treatments (OAM and OGM) were contrasted with the
conventional treatments (CR and DIR), the diversity was
greater in the organic treatments in 2007 and 2008.
The evenness (J) of weed species within the seedbank
ranged from 0.31 to 0.61, depending on the management
treatment and year (Fig. 1b, e). As with diversity, the
evenness was generally greater in 2008 than 2007 and
greatest in the OGM treatment in 2007. Evenness was not
different between the CR and DIR treatments or between
the CR and OAM treatments, but was greater in the DIR
treatment compared to the OAM treatment in 2007. In
2008, the evenness of the weed seedbank was not different
among the OGM, OAM and CR treatments, but was greater
in the OGM treatment compared to the DIR treatment.
Richness (S) within the weed seedbank ranged from
2 to 6 weed species, depending on the management treatment and year (Fig. 1c, f). In 2007, the weed seedbank
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Figure 1. Weed seedbank (a, d) diversity, (b, e) evenness and (c, f) richness in 2007 (a–c) and 2008 (d–f) based on the Shannon diversity
index from the 0 to 10 cm soil depth in CR, DIR, OAM and OGM treatments. Data collected using the seedbank elutriation method. Bars
represent the standard error of the mean. Letters above the bars represent differences between treatments (P < 0.05).

richness was greatest in the OGM treatment, followed
by the OAM treatment, the DIR treatment and the CR
treatment. In 2008, the weed seedbank richness was again
greatest in the OGM treatment, but was not different among
the remaining treatments. Weed species richness in the
seedbank was greater in 2008 than 2007.
The greenhouse emergence method was only utilized in
2008 and resulted in greater estimates of the weed species
diversity relative to the seedbank elutriation method
(1.07–1.38 compared to 0.84–1.12), because the seedbank
elutriation method may exclude small-seeded weed species,
due to the size of sieves used in the elutriation process. The
sample size used in the greenhouse method was also larger
(800 g of soil compared to 200 g elutriated). Thus, the
probability of collecting a low-density weed species is
greater in the greenhouse emergence method. Moreover,
the Amaranthus spp. were not pooled with the C. album
individuals in the greenhouse emergence method as they
were in the elutriation method. Despite the benefits of the
greenhouse emergence method, the elutriation method is
necessary to account for dormant seeds.

Weed seedbank diversity (H0 ) was greatest in the OAM
and OGM treatments in 2008. The diversity did not differ
between the CR and DIR treatments (Fig. 2a). Weed
seedbank evenness (J) did not differ among any treatments
(Fig. 2b), whereas weed seedbank richness (S) was greatest
in the OGM treatment, followed by the OAM treatment,
and richness did not differ between the conventional
treatments (Fig. 2c).
The above-ground broadleaf weed diversity was only
measured in 2008 and was lower than the weed seedbank
species diversity, ranging from 0.34 to 0.78. The aboveground broadleaf weed diversity (H0 ) was greatest in the
OGM treatment in 2008, but the diversity did not differ
among the remaining treatments (Fig. 3a). Weed species
evenness (J) did not differ between the OGM and CR
treatments, but evenness was greater in the OGM treatment
compared to the DIR and OAM treatments (Fig. 3b). Weed
species richness (S) of the OGM treatment was greater than
the CR and DIR treatments, but not the OAM treatment.
Richness of the OAM treatment was greater than the
CR treatment, but not the DIR treatment. There was no

Weed diversity, density and biomass in long-term organic crop rotations
a

(a)

1.4

b

1.0

a

b

Shannon diversity index

Shannon diversity index

1.6

1.2
1.0
0.8
0.6
0.4
0.2
0.0

a

0.8

a

a

a

0.6
0.4
0.2

Shannon evenness index

Shannon evenness index

a

0.6
b

b

b

0.4
0.2

1.0
(b)

(b)
a

0.8
ab

0.6

bc
bc

0.4
0.2
0.0

10
(c)

a
b

8

c

c

4
2
0
CR

DIR

OAM

OGM

Treatment

Figure 2. Weed seedbank (a) diversity, (b) evenness and (c)
richness based on the Shannon diversity index from the 0 to 10 cm
soil depth in CR, DIR, OAM and OGM treatments in 2008. Data
collected using the greenhouse emergence method. Bars represent
the standard error of the mean. Letters above the bars represent
differences between treatments (P < 0.05).

difference in the weed species richness between the conventional treatments (Fig. 3c).
Across all sampling methods, weed species diversity was
generally greatest in the OGM treatment. Weed seedbank
diversity was greatest in the OGM treatment in 2007 using
the elutriation method and in 2008 when measuring the
above-ground broadleaf diversity. The OGM treatment
shared the greatest diversity with the CR treatment using
the seedbank elutriation method and the OAM treatment
using the greenhouse emergence method in 2008. The
greater diversity observed in the OGM treatment may be
the result of several factors. Similar to the DIR treatment,
the crop rotation in the OGM treatment contains a diverse
selection of crop species. While the DIR treatment contains
the most crop species (four), the OGM treatment contains
one summer annual, one winter annual and one perennial
crop, resulting in the greatest phenological diversity.
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Figure 3. Above-ground broadleaf weed species (a) diversity,
(b) evenness and (c) richness based on the Shannon diversity
index in CR, DIR, OAM and OGM treatments in 2008. Bars
represent the standard error of the mean. Letters above the bars
represent differences between treatments (P < 0.05).

However, there appeared to be other factors driving weed
diversity across treatments.
Due to the greater level of crop richness and diversity of
crop phenology present in the DIR treatment compared
with the CR treatment, we expected greater levels of weed
diversity (H0 ) in the DIR treatment10,26. We observed this in
2007; weed seedbank diversity using the elutriation method
was greater in the DIR treatment compared to the CR
treatment. The diversity did not differ between the two
conventional treatments using any method in 2008. While
weed diversity was greater in the DIR treatment in 2007,
the inconsistent relationship between crop diversity and
weed diversity across years suggests that the use of herbicide inhibits any weed diversity that may have been
favored by increased crop diversity. An increasing diversity
of crop species has been shown to promote a greater
diversity of weed species10, but there appear to be other
factors contributing to the varying levels of diversity in this
study.
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The diversity of management practices in a cropping
system may contribute to the diversity of the weed
community. During the corn, sorghum and wheat phases
of the OGM treatment, management was similar to
management of the OAM treatment, consisting of mechanical field cultivations and rotary hoeing during the corn
or sorghum phase and no mechanical weed control during
the wheat phase. The inclusion of perennial forage in the
OGM treatment required an entirely different management
scheme. For 2 years of the 4-year cycle, mechanical
cultivation and rotary hoeing were no longer required and
weeds were managed as a result of the hay cuttings that
occurred three or four times through the growing season.
Furthermore, at the conclusion of the 2-year alfalfa stage,
the treatment was moldboard plowed to destroy the forage
crop. These two additional management measures
increased the diversity of management within the OGM
treatment, which may have contributed to the increased
levels of weed species diversity.
Cutting alfalfa three or four times per growing season
shifted the competitive advantage to grass weed species in
the OGM treatment. The grass weed species can withstand
multiple cuttings (unlike many broadleaf weed species) and
the lower crop canopy following a cutting allows light to
reach many grass weed species28–30. Furthermore, it is
unlikely that many dominant summer annual broadleaf
weed species (e.g., pigweed) were able to produce seed due
to the multiple cuttings. The competitive advantage of a
group of weed species is unlikely to shift in the OAM, DIR
and CR treatments, because the weed management tactics
are relatively static within a given treatment throughout the
4-year cycle (with the exception of wheat and soybeans
planted to 0.25 m rows, which eliminated mechanical
cultivation as a management option). This was evident
while observing the population density of Amaranthus/
Chenopodium spp. in the OAM treatment. The density of
these two broadleaf weed species in the OAM weed
seedbank greatly exceeded that of all other treatments (data
not shown), likely due to a lack of diverse crop phenology
and management practices in the rotation, which allows
competitive weed species to dominate the weed community. The increased density of Amaranthus/Chenopodium
spp. was also due to the dense population of these seeds
found in the animal manure source (data not shown). Seeds
of both weed species are very small with a hard seed coat,
allowing many seeds to remain viable even after passing
through the animal’s digestive system41. The introduction
of these weed species through the application of bovine
manure in the OAM treatment lowered the species evenness
of the weed community and thus the overall weed species
diversity.
Previous studies have shown that weed species evenness
(J) is greater in monoculture systems coupled with the
intensive use of herbicides compared to diverse rotations
coupled with low inputs23–25. These results were not
observed in our study, as there was no consistent difference
among treatments, and when there was a difference, the
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OGM treatment exhibited the greatest levels of weed
species evenness. As previously discussed, the diversity of
management schemes required when perennial forage was
included in the rotation likely reduced the dominance of
many summer annual broadleaf weed species in the weed
community. The management of those dominant broadleaf
weed species led to greater levels of evenness, thus greater
weed species diversity.
Weed seedbank richness (S) was also greatest in the
OGM treatment, followed by the OAM and conventional
treatments. These results are consistent with previous
studies, in that the use of herbicides may eliminate small
populations of susceptible weed species42 resulting in
relatively greater weed species richness in low-input
cropping systems25. The greater level of weed species
richness in the OGM treatment relative to the OAM
treatment may be due to the niche that perennial forage in
the rotation provides to weed species adapted to multiple
cuttings28–30.

Weed seedbank composition
In 2007, the density of broadleaf weed species in the tillage
layer of the CR, DIR, OAM and OGM treatments was
dominated by Amaranthus/Chenopodium spp. seeds (87,
93, 93 and 86%, respectively). The broadleaf weed
seedbank density was greatest in the OAM treatment
(89,073 seeds m -2), followed by the OGM treatment
(57,381 seeds m -2) and was not different within the DIR
(22,336 seeds m -2) and CR (14,658 seeds m -2) treatments.
The Amaranthus/Chenopodium spp. seeds also dominated
the broadleaf weed seedbank in the plow layer of the CR,
DIR, OAM and OGM treatments (92, 97, 94 and 89%,
respectively). However, in the plow layer the broadleaf
weed seedbank density was greatest in the OGM treatment
(52,512 seeds m -2) followed by the OAM treatment
(24,675 seeds m -2) and was not different within the DIR
(17,395 seeds m -2) and CR (9902 seeds m -2) treatments.
Dominant grass weed species in the tillage layer included
Setaria and Digitaria spp. The grass weed species seedbank
density in the tillage layer was greatest in the OGM
treatment (26,978 seeds m -2), while grass weed species
seedbank densities did not differ among the OAM
(4769 seeds m -2), CR (2799 seeds m -2) and DIR
(2224 seeds m -2) treatments in 2007. Similar to the tillage
layer, grass weed species seedbank densities in the plow
layer were greatest in the OGM treatment (15,817 seeds
m -2) and did not differ among the OAM (1753 seeds m -2),
DIR (745 seeds m -2) and CR (263 seeds m -2) treatments.
Weed seedbank density was only measured in the tillage
layer (0–10 cm) in 2008. Similar to 2007, Amaranthus/
Chenopodium spp. dominated the broadleaf weed species
community in the tillage layer of the weed seedbank in the
CR, DIR, OAM and OGM treatments (86, 87, 85 and 73%,
respectively). The broadleaf weed species seedbank density
was greatest in the OAM (41,415 seeds m -2) and OGM
(37,567 seeds m -2) treatments and did not differ between
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the DIR (19,281 seeds m -2) and CR (12,007 seeds m -2)
treatments. Also similar to 2007, the grass weed species
seedbank community was dominated by Setaria and
Digitaria spp. Grass weed species seedbank density was
greatest in the OAM treatment (14,345 seeds m -2), followed by the OGM treatment (10,699 seeds m -2) and did
not differ between the DIR (3941 seeds m -2) and CR
(3094 seeds m -2) treatments. Total weed seedbank density
was greater in 2007 than in 2008. Determining weed
seedbank density using the elutriation method is useful for
viable dormant seeds, but total densities may be inflated
due to the inclusion of some non-viable weed seeds.
Overall, the broadleaf weed species seedbank density in
the tillage layer was greatest in the OAM treatment and
lowest in the two conventional treatments in both years.
The density of the broadleaf weed species in the OAM
treatment was greater than that of the OGM treatment in
2007. The greater density observed in the OAM treatment
relative to the OGM treatment was expected. Several
studies have shown that the inclusion of a perennial forage
crop in a rotation can reduce broadleaf weed populations in
low-input or organic systems28,43–45. Perennial forage crops
in rotation can suppress weeds through competition46,
mowing47, light extinction, changes in the soil thermal
regime48 and reduced levels of weed seed germination due
to the lack of tillage49. Each of these factors may have
contributed to the reduction of the broadleaf weed species
seedbank density in the OGM treatment relative to the
OAM treatment.
Another possible contribution to the density of the broadleaf weed species seeds in the tillage layer of the OAM
treatment was the application of non-composted bovine
manure every other year. Once in the seedbank, these
broadleaf weed species may experience a competitive
advantage in the nutrient-rich environment created in the
OAM treatment. Compost applications have been shown to
enhance the growth and competitive ability of common
waterhemp32. Amaranthus/Chenopodium spp. are able to
compensate for their initial size disadvantage through rapid
growth and nutrient uptake, because the plant relative
growth rate is negatively correlated with seed size50 and
nutrient enrichment consistently selects for fast-growing
species that outcompete slower-growing, stress tolerant
species51–53. Despite the increase in broadleaf seedbank
density, animal manure application in the OAM treatment
consistently increased the yields of corn, sorghum and
winter wheat relative to the OGM treatment54.
Weed seedbank density and distribution are mainly
influenced by tillage system and weed management21. In
this experiment, in 2007, the broadleaf weed species
seedbank abundance in the plow layer (10–20 cm depth)
was greatest in the OGM treatment, followed by the OAM
treatment. This difference was likely due to the moldboard
plow utilized to terminate the alfalfa stand every fourth
year in the OGM treatment. The broadleaf weed species’
seeds that may have accumulated in the tillage layer were
likely inverted into the plow layer55.
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In 2007, the grass weed seedbank density of the tillage
and plow layer was greatest in the OGM treatment, which
was expected due to the competitive advantage gained by
the grass weed species in the perennial forage phase of the
rotation28–30. However, in 2008, the density of grass weed
species was greatest in the OAM treatment. The lack of
herbicide management and timely cultivations in 2008,
along with the nutrient-rich soil environment may have
contributed to the greater grass density in the OAM
treatment8,51–53. The spring months of 2008 were unusually
wet, which restricted timely cultivation in the organic
rotations. As a result, grass weed species populations (e.g.,
Setaria spp.) became troublesome in OAM soybeans.
Reduced organic weed control in unusually wet years has
been demonstrated in previous studies45,56. Our results
suggest that weed community shifts are driven by a
combination of environmental and management factors.

Above-ground weed biomass
The broadleaf weed biomass was greater in the OAM corn
treatment (923 kg ha -1) than in the CR and DIR corn
treatments (42 and 254 kg ha -1, respectively) in 2007 and
2008 (Fig. 4). The broadleaf weed biomass in the OGM
corn treatment (613 kg ha -1) was not different from any
other treatment. However, when the organic treatments
were contrasted with the conventional treatments, the
broadleaf weed biomass was greater in the organic
treatments. In soybean, the broadleaf weed biomass in the
OAM treatment (309 kg ha -1) was greater than the biomass
in the CR and DIR treatments (59 and 15 kg ha -1,
respectively). There were no differences in the broadleaf
weed biomass among any treatments in sorghum or wheat
(Fig. 4). The broadleaf weed biomass in sorghum for the
CR, DIR, OAM and OGM treatments was 175, 123, 225,
and 250 kg ha -1, respectively. Similarly, the broadleaf weed
biomass in wheat for the DIR, OAM and OGM treatments
was 188, 108, and 167 kg ha -1, respectively. These results
may suggest that sorghum and wheat are more competitive
with summer annual broadleaf weeds, making these crops
more competitive options in organic cropping systems with
greater weed pressure. The phenology (winter annual),
dense plant spacing and tillering capacity of wheat may
prevent the germination and growth of many dominant
summer annual weeds. Both sorghum and wheat have
demonstrated allelopathic effects on weeds, but one would
expect this to impact weed populations in the subsequent
crop57,58. There were no differences in the broadleaf weed
biomass within the organic rotations. This was somewhat
unexpected, due to the high broadleaf weed seedbank
density observed in the OAM treatment across both years.
While including perennial forage in the rotation may aid in
the reduction of the broadleaf weed seedbank, in this study,
the above-ground weed biomass was unaffected.
The grass weed biomass in corn was greatest in the OGM
treatment (3102 kg ha -1; Fig. 5). The grass weed biomass in
the OAM treatment (1565 kg ha -1) was greater than the
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Figure 5. Above-ground dry grass weed biomass in corn, sorghum, soybean and wheat among CR, DIR, OAM and OGM treatments for
both 2007 and 2008. Bars represent the standard error of the mean. Different letters above the bars represent differences between
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biomass in the DIR treatment (37 kg ha -1) but not the CR
treatment (22 kg ha -1). In sorghum, the grass biomass was
greatest in the OGM treatment (3737 kg ha -1) followed
by the OAM, DIR and CR treatments (2335, 110 and
13 kg ha -1, respectively). In soybean, the grass weed
biomass was greatest in the OAM treatment (1715 kg ha -1)

and did not differ between the CR and DIR treatments
(34 and 0 kg ha -1, respectively). In wheat, the grass weed
biomass was greatest in the OGM treatment (562 kg ha -1)
and did not differ between the DIR and OAM treatments
(28 and 84 kg ha -1, respectively; Fig. 5). These results were
expected due to the lack of herbicide management in the
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organic treatments and the greater grass weed seed production during the alfalfa stage of the OGM rotation28–30.
Given the high grass weed seedbank density observed in the
OGM treatment combined with a lack of timely mechanical
weed control, due to early season rain events, the exceptionally high grass weed biomass in the OGM treatment
was not unexpected. These results emphasize the importance of minimizing the seedbank density to reduce the
above-ground weed biomass in subsequent years.

Conclusions
The results of this study demonstrate that the inclusion of
perennial forage such as alfalfa in organic cropping systems may contribute to the increase of weed biodiversity.
Moreover, organic cropping systems that rely heavily on
animal manure applications for soil fertility will decrease
weed biodiversity. The potential for the addition of weed
seed and the nutrient-rich environment created by the frequent bovine manure applications may shift the competitive
advantage in the agroecosystem to a few dominant summer
annual weeds. This dominance was evident in the abundant
weed seedbank populations of broadleaf weeds such as
Amaranthus/Chenopodium spp. in the OAM treatment. It is
important to manage the abundant weed seedbank populations of grass weed species that may accumulate during
the perennial forage stage of the rotation by improving the
timing of alfalfa cuttings and increasing the population
density and uniformity of the alfalfa stand to prevent grass
weed seed shatter. The density of the weed seedbank influences the effectiveness of weed control, especially in
organic systems, so it is important to prevent the accumulation of the weed seedbank59,60.
Organic weed management is heavily reliant on mechanical cultivation, which is often limited by the weather in
a given growing season. If the weather conditions permit
the timely use of mechanical cultivation, the above-ground
weed biomass can be managed at acceptable economic
thresholds and organic crop yields are often comparable
to conventional crop yields45,56. The high weed seedbank
populations observed in this study also demonstrate the
importance of timely weed management in organic crop
rotations. Special attention should be given to additional
management tactics for reducing weed seedbank density
so as to increase the effectiveness of timely mechanical
cultivations in organic cropping systems. An ecological
approach consisting of multiple physical, biological and
cultural tactics is likely the most effective method for
reducing weed seedbank density on organic farms61. This
approach employs a diverse range of weed management
tactics (e.g., crop rotation, cover cropping, inter-cropping,
soil amendments, rotary hoeing, flaming, etc.) that
individually are weak, but together are strong62. This
ecological approach to weed management was described
by Liebman and Gallandt63 as the ‘many little hammers’
approach where the cumulative effect of many ‘little
hammers’ will approach the effectiveness of a ‘big
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hammer’ (e.g., synthetic herbicides)63. Moreover, an ecological approach to weed management may select for a
more diverse weed community (of those weeds that
remain). In this study, increasing the diversity of management operations in the OGM rotation seemed to contribute
to greater levels of weed diversity.
While the OGM rotation increased crop and weed
diversity and minimized broadleaf weed populations compared to the OAM rotation, grain yield loss was incurred
primarily due to deficiencies in soil fertility54. Between
1996 and 2007, all grain yield differences among the
conventional treatments (CR and DIR combined) and the
OAM and OGM treatments were significant (a = 0.05).
Relative to the conventional treatments, the yield in the
OAM and OGM treatments was reduced by 13 and 33% in
corn, 16 and 27% in sorghum, respectively, and in wheat
OAM yield increased by 9% while OGM yield was reduced
by 15%54. Thus, a combination of management practices
from the OAM and OGM treatments may be most
appropriate for maximizing the yield and biodiversity,
while minimizing weed density and the above-ground
biomass.
The conservation of biodiversity is often seen as a moral,
aesthetic, social or economic issue, but there is increasing
evidence that the biodiversity of weed communities in
agroecosystems provides several valuable ecological functions64. Maintenance of a diverse weed community is one
step toward optimizing the sustainability of agroecosystems65 through improved nutrient cycling and pest control2,
improved soil chemical and physical properties1 and the
reduction of soil erosion3. Furthermore, managing weed
species diversity will promote the overall diversity of other
trophic levels in the agroecosystem, including insects,
birds and larger animals64,66. These potential benefits were
not directly measured in this study, nor can we determine
the level of plant diversity necessary to achieve these
benefits. While the increases in weed diversity and weed
species richness observed in this study are modest, they
are significant. Further studies should be conducted to
determine whether the gains in weed species diversity
observed in organic cropping systems are sufficient to
realize ecosystem services.
Previously, the task of preserving biodiversity had been
left to unmanaged natural ecosystems, but unmanaged
ecosystems are disappearing from the landscape64. As this
happens, agroecosystems may emerge as a practical
alternative ecosystem for the conservation of biodiversity67.
Future studies in agroecosystem diversity should be
directed toward developing organic cropping systems that
maximize diversity while minimizing weed seedbank
density and the above-ground biomass.
Acknowledgements. The authors acknowledge Tomie Galusha
and Lee Klossner for assistance in conducting the field experiment and processing weed seedbank elutriation samples. This
project was funded in part through North Central Region Sustainable Agriculture Research and Education (NCR-SARE), a
USDA supported program.

294

References
1 El Titi, A. 1995. Ecological aspects of integrated farming. In
D.M. Glen, M.P. Greaves, and H.M. Anderson (eds). Ecology
and Integrated Farming Systems. John Wiley and Sons, New
York. p. 243–256.
2 Altieri, M.A. 1994. Biodiversity and Pest Management in
Agroecosystems. Food Product Press, New York.
3 Zimdahl, R.L. 2004. Weed-Crop Competition: A Review.
Blackwell Publishing, Ames.
4 Leeson, J.Y., Sheard, J.W., and Thomas, A.G. 2000. Weed
communities associated with arable Saskatchewan farm
management systems. Canadian Journal of Plant Science
80:177–185.
5 Murphy, S.D., Clements, D.R., Belaoussoff, S., Kevan, P.G.,
and Swanton, C.J. 2006. Promotion of weed species diversity
and reduction of weed seedbanks with conservation tillage and
crop rotation. Weed Science 54:69–77.
6 Mahn, E.G. 1984. Structural changes of weed communities
and populations. Vegetatio 58:79–85.
7 Wicks, G.A., Smika, D.E., and Hergert, G.W. 1988. Longterm effects of no-tillage in a winter wheat (Triticum
aestivum)–sorghum (Sorghum bicolor)–fallow rotation. Weed
Science 21:23–28.
8 Moreby, S.J. and Southway, S.E. 1999. Influence of autumn
applied herbicides on summer and autumn food availability to
birds in winter wheat fields in southern England. Agriculture,
Ecosystems and Environment 72:285–297.
9 Menalled, F.D., Gross, K.L., and Hammond, M. 2001. Weed
aboveground and seedbank community responses to agricultural management systems. Ecological Applications
11:1586–1601.
10 Palmer, M.W. and Maurer, T.A. 1997. Does diversity beget
diversity? A case study of crops and weeds. Journal of
Vegetation Science 8:235–240.
11 USDA NOP. 2008. United States Department of Agriculture
National Organic Program. Available at Web site http://
www.ams.usda.gov/ (accessed November 24, 2008).
12 Hooper, D.U., Chapin, F.S. III, and Ewel, J.J. 2005. Effects of
biodiversity on ecosystem functioning: a consensus of current
knowledge. Ecological Monographs 75:3–35.
13 Hald, A.B. 1999. Weed vegetation (wild flora) of long established organic versus conventional cereal fields in Denmark.
Annals of Applied Biology 134:307–314.
14 Gruber, H., Handel, K., and Broschewitz, B. 2000. Influence
of farming system on weeds in thresh crops of a six-year
crop rotation. Journal of Plant Diseases and Protection
17:33–40.
15 Rydgerg, N.T. and Milberg, P. 2000. A survey of weeds in
organic farming in Sweden. Biological Agriculture and
Horticulture 18:175–185.
16 Moonen, A.C. and Barberi, P. 2004. Size and composition of
the weed seedbank after 7 years of different cover-crop-maize
management systems. Weed Research 44:163–177.
17 Davis, A.S., Renner, K.A., and Gross, K.L. 2005. Weed seedbank and community shifts in a long-term cropping systems
experiment. Weed Science 53:296–306.
18 Cavers, P.B. 1995. Seed banks: memory in soil. Canadian
Journal of Soil Science 75:11–13.
19 Thompson, K., Bakker, J., and Bekker, R. 1997. The Soil
Seed Banks of North West Europe: Methodology, Density,
and Longevity. Cambridge University Press, Cambridge.

S.E. Wortman et al.
20 Buhler, D.D., Hartzler, R.G., and Forcella, F. 1997. Implications of weed seedbank dynamics to weed management.
Weed Science 45:329–336.
21 Barberi, P. and Lo Cascio, B. 2001. Long-term tillage and
crop rotation effects on weed seedbank size and composition.
Weed Research 41:325–340.
22 Mayor, J.P. and Dessaint, F. 1998. Influence of weed management strategies on soil seedbank diversity. Weed Research
38:95–105.
23 Squire, G.R., Rodger, S., and Wright, G. 2000. Communityscale seedbank response to less intense rotation and reduced
herbicide input at three sites. Annals of Applied Biology
136:47–57.
24 Hyvonen, T. and Salonen, J. 2003. Weed seedbank development under low-input and conventional cropping practices.
Aspects of Applied Biology 69:119–124.
25 Legere, A., Stevenson, F.C., and Benoit, D.L. 2005. Diversity and assembly of weed communities: contrasting responses across cropping systems. Weed Research 45:
303–315.
26 Liebman, M. and Dyck, E. 1993. Crop rotation and intercropping strategies for weed management. Ecological Applications 3:92–122.
27 Barberi, P., Silvestri, N., and Bonari, E. 1997. Weed communities of winter wheat as influenced by input level and
rotation. Weed Research 37:301–313.
28 Clay, S.A. and Aguilar, I. 1998. Weed seedbanks and corn
growth following continuous corn or alfalfa. Agronomy
Journal 90:813–818.
29 Cardina, J., Herms, C.P., and Doohan, D.J. 2002. Crop
rotation and tillage system effects on weed seedbanks. Weed
Science 50:448–460.
30 Teasdale, J.R., Mangum, R.W., Radhakrishnan, J., and
Cavigelli, M.A. 2004. Weed seedbank dynamics in three
organic farming crop rotations. Agronomy Journal 96:
1429–1435.
31 Cavigelli, M.A., Teasdale, J.R., and Conklin, A.E. 2008.
Long-term agronomic performance of organic and conventional field crops in the Mid-Atlantic region. Agronomy
Journal 100:785–794.
32 Menalled, F.D., Liebman, M., and Buhler, D.D. 2004. Impact
of composted swine manure and tillage on common waterhemp (Amaranthus rudis) competition with soybean. Weed
Science 52:605–613.
33 Walz, E. 1999. Third Biennial Organic Farmers Survey.
Organic Farming Research Foundation, Santa Cruz, CA.
34 [MNDA] Minnesota Department of Agriculture. 2007. Overview: Experiences and outlook of Minnesota organic farmers.
Available at Web site http://www.mda.state.mn.us/news/
publications/food/organicgrowing/2007orgsurvresults.pdf
(accessed August 24, 2009).
35 Lesoing, G. 1992. Alternative cropping systems for eastern
Nebraska. Doctoral dissertation, University of NebraskaLincoln.
36 Drinkwater, L.E. 2002. Cropping systems research: reconsidering agricultural experimental approaches. HortTechnology
12:355–361.
37 Colbach, N., Dessaint, F., and Forcella, F. 2000. Evaluating
field-scale sampling methods for the estimation of mean plant
densities of weeds. Weed Research 40:411–430.
38 Wiles, L.J., Barlin, D.H., Schweizer, E.E., Duke, H.R., and
Whitt, D.E. 1996. A new soil sampler and elutriator for

Weed diversity, density and biomass in long-term organic crop rotations

39

40

41

42

43

44

45

46
47

48

49

50

51

52

53

collecting and extracting weed seeds from soil. Weed
Technology 10:35–41.
Sosnoskie, L.M., Herms, C.P., and Cardina, J. 2006. Weed
seedbank composition in a 35-yr-old tillage and rotation
experiment. Weed Science 54:263–273.
Liebman, M. and Davis, A. 2000. Integration of soil, crop and
weed management in low-external-input farming systems.
Weed Research 40:27–47.
Mt. Pleasant, J. and Schlather, K.J. 1994. Incidence of weed
seed in cow (Bos sp.) manure and its importance as a weed
source for cropland. Weed Technology 8:304–310.
Hume, L. 1987. Long-term effects of 2,4-D application on
plants. I. Effects on the weed community in a wheat crop.
Canadian Journal of Botany 65:2530–2536.
Kegode, G.O., Forcella, F., and Clay, S. 1999. Influence of
crop rotation, tillage, and management inputs on weed seed
production. Weed Science 47:175–183.
Sjursen, H. 2001. Change of the weed seed bank during the
first complete six-course crop rotation after conversion from
conventional to organic farming. Biological Agriculture and
Horticulture 19:71–90.
Porter, P.M., Huggins, D.R., Perillo, C.A., Quiring, S.R., and
Crookston, R.K. 2003. Organic and other management
strategies with two- and four-year crop rotations in Minnesota.
Agronomy Journal 95:233–244.
Risser, P.G. 1969. Competitive relationships among herbaceous grassland plants. The Botanical Review 35:251–284.
Norris, R.F. and Ayres, D. 1991. Cutting interval and
irrigation timing in alfalfa: yellow foxtail invasion and
economic analysis. Agronomy Journal 83:552–558.
Teasdale, J.R. and Daughtry, C.S.T. 1993. Weed suppression
by live and dessicated hairy vetch (Vicia villosa). Weed
Science 41:207–212.
Roberts, H.A. and Feast, P.M. 1973. Changes in the numbers
of viable weed seeds in soil under different regimes. Weed
Research 13:298–303.
Seibert, A.C. and Pearce, R.B. 1993. Growth analysis of weed
and crop species with reference to seed weight. Weed Science
41:52–56.
Tilman, D. 1987. Secondary succession and the pattern of
plant dominance along experimental nitrogen gradients.
Ecological Monographs 57:189–214.
Aerts, R., Berendse, F., de Caluwe, H., and Schmitz, M. 1990.
Competition in heathland along an experimental gradient of
nutrient availability. Oikos 57:310–318.
Wedin, D. and Tilman, D. 1993. Competition among grasses
along a nitrogen gradient: initial conditions and mechanisms
of competition. Ecological Monographs 63:199–229.

295

54 Wortman, S. 2009. Long-term organic and conventional crop
rotations: yields, soil fertility and weed communities. M.S.
thesis, University of Nebraska-Lincoln.
55 Ball, D.A. 1992. Weed seedbank response to tillage,
herbicides, and crop rotation sequence. Weed Science
40:654–659.
56 Posner, J.L., Baldock, J.O., and Hedtcke, J.L. 2008. Organic
and conventional production systems in the Wisconsin
integrated cropping systems trials. I. Productivity
1990–2002. Agronomy Journal 100:253–260.
57 Hoffman, M., Weston, L., Snyder, J., and Regnier, E. 1996.
Allelopathic influence of germinating seeds and seedlings of
cover crops on weed species. Weed Science 44:579–584.
58 Ma, Y. 2005. Allelopathic studies of common wheat. Weed
Biology and Management 5:93–104.
59 Zasada, I.A., Linker, H.M., and Coble, H.D. 1997. Initial weed
densities affect no-tillage weed management with a rye
(Secale cereale) cover crop. Weed Technology 11:473–477.
60 Buhler, D.D. 1999. Weed population responses to weed
control practices. I. Seedbank, weed populations and crop
yields. Weed Science 47:416–422.
61 Bond, W. and Grundy, A.C. 2001. Non-chemical weed management in organic farming systems. Weed Research 41:383–
405.
62 Liebman, M. and Davis, A.S. 2009. Managing weeds in
organic farming systems: an ecological approach. In
C. Francis (ed.). Organic Farming: The Ecological System.
Agronomy Monograph 54, ASA-CSSA-SSSA, Madison, WI.
p. 173–195.
63 Liebman, M. and Gallandt, E.R. 1997. Many little hammers:
ecological approaches for management of crop-weed interactions. In L.E. Jackson (ed.). Ecology in Agriculture.
Academic Press, San Diego, CA.
64 Marshall, E.J.P., Brown, V.K., Boatman, N.D., Lutman,
P.J.W., Squire, G.R., and Ward, L.K. 2003. The role of weeds
in supporting biological diversity within crop fields. Weed
Research 43:77–89.
65 Swift, M.J. and Anderson, J.M. 1994. Biodiversity and
Ecosystem Function in Agricultural Systems. In E.D. Schulze
and H.A. Mooney (eds). Biodiversity and Ecosystem Function.
Springer-Verlag, Berlin. p. 15–41.
66 Mader, P., Fliebbbach, A., Dubois, D., Gunst, L., Fried, P., and
Niggli, R. 2002. Soil fertility and biodiversity in organic
farming. Science 296:1694–1697.
67 Mineau, P. and McLaughlin, A. 1996. Conservation of
biodiversity within Canadian agricultural landscapes: integrating habitat for wildlife. Journal of Agricultural and
Environmental Ethics 9:93–113.

